Introduction
Gilles de la Tourette syndrome is a childhood-onset disorder characterized by the presence of multiple motor tics and at least one vocal tic for 41 year (American Psychiatric Association, 2000) . The expression of tics range from brief, recurrent and non-rhythmic motor or vocal actions (simple tics) to complex motor or vocal sequences (complex tics), such as touching behaviour or repetitive word pronunciation (Jankovic and Fahn, 1986) . The tics are often associated with psychiatric disorders such as obsessive-compulsive disorders, attention-deficit hyperactivity disorders and depression . Therefore, the phenotypic expression of Gilles de la Tourette syndrome is varied ranging from simple tics to a more complex association of tics and psychiatric co-morbidities. The pathophysiological origin of the clinical heterogeneity of Gilles de la Tourette syndrome is not yet fully understood. Inferences from various approaches support the hypothesis that Gilles de la Tourette syndrome is a neurodevelopmental disorder associated with dysfunction of cortico-striato-thalamo-cortical loops (Mink, 2003; Singer et al., 2005) . Cortical projections to the basal ganglia are functionally and topographically organized, leading to the concept of functional divisions of cortico-striato-thalamo-cortical loops into sensorimotor, associative and limbic circuits that are implicated in motor, cognitive and motivational aspects of behaviour, respectively (Alexander et al., 1986) .
According to this model of basal ganglia organization, it was suggested that motor tics may result from the dysfunction of premotor and motor circuits, whereas behavioural disorders may result from the dysfunction of associative and limbic circuits (Singer et al., 2005) . This hypothesis is supported by several lines of evidence. In primate models, experiments showed that dysfunction of the premotor and sensorimotor circuits produced abnormal movements resembling simple motor tics Worbe et al., 2009) , whereas dysfunction of the associative and limbic circuits resulted in behavioural disorders resembling complex tics and compulsions, respectively (Grabli et al., 2004; Worbe et al., 2009) .
In patients with Gilles de la Tourette syndrome, studies have reported dysfunction of cortico-striato-thalamo-cortical circuits at different levels (Supplementary Table 1 summarizes the main results to date on structural and diffusion changes in Gilles de la Tourette syndrome). Dysfunction of paralimbic and sensory association areas were implicated in tic generation using functional MRI . In the cortex, structural changes were observed in frontal, anterior cingulate, insular, parietal and temporal regions, using voxel-based techniques (Mü ller-Vahl et al., 2009) , region of interest (Peterson et al., 2001) and cortical thickness measurements (Sowell et al., 2008; Fahim et al., 2010) . Structural changes were also reported in the striatum and globus pallidus (Peterson et al., 2003) , the cerebellum (Tobe et al., 2010) using region of interest measurements, in the striatum (Ludolph et al., 2006) and the mid-brain using voxel-based techniques, as well as in the thalamus using diffusion imaging (Makki et al., 2008) .
The severity of tics has been correlated with cortical thinning in the sensorimotor cortex and surrounding frontal and parietal areas (Sowell et al., 2008; Fahim et al., 2010) , grey matter increase in the ventral putamen using voxel-based techniques (Ludolph et al., 2006) and diffusion orientation in the thalamus (Makki et al., 2008) .
In contrast, the presence of psychiatric co-morbidities, such as obsessive-compulsive disorders and attention deficit hyperactivity disorder, correlated with volume reduction in the anterior caudate nucleus (Peterson et al., 2003; Bloch et al., 2005) and volume increase in the amygdala . Interestingly, volume of the hippocampus correlated both with severity of tics (Ludolph et al., 2006) and the presence of obsessive-compulsive disorders and attention deficit hyperactivity disorder .
Overall, if results of previous studies provide support to the hypothesis that functionally distinct neuronal circuits are involved in tics and associated psychiatric co-morbidities, none of these studies directly addressed this question in clinical subgroups of patients. The purpose of this study was to determine the structural correlates of the diversity of symptoms observed in Gilles de la Tourette syndrome. We measured cortical thickness in clinical subgroups of adult patients with Gilles de la Tourette syndrome with simple tics, simple and complex tics and associated obsessivecompulsive disorders. We also examined structural changes in the hippocampus and their relationships with tics and obsessivecompulsive disorders.
Materials and methods

Subjects
Sixty adult patients with Gilles de la Tourette syndrome (mean age AE SD: 30.3 AE 10.8 years, 19 females) were enrolled in this study (Table 1) . The inclusion criteria for the study were age 418 years and confirmed diagnosis of Gilles de la Tourette syndrome. The exclusion criteria were age 518 years, the presence of psychiatric disorders of Axe I established by the Mini International Neuropsychiatric Interview (French version) (Sheehan et al., 1998) including associated major depression, previous and actual history of psychosis, autistic spectrum disorders, substance abuse excluding tobacco, presence of other neurological or movement disorders except tics, contraindication to MRI examination and absence of informed consent.
Patients were selected from the 150 consecutive adult patients with Gilles de la Tourette syndrome from the database of the reference centre for Gilles de la Tourette syndrome in Paris on the basis of their medical history. Only 90 out of the 150 patients fulfilled the inclusion criteria. These subjects were contacted by the referent neurologists (Y.W. and A.H.) for diagnosis confirmation, medication status assessment and multidisciplinary consultation including neurological, neuropsychological and psychiatric evaluation. From these 90 patients, 16 were not included in the protocol for the following reasons: (i) refusal to participate in the study; (ii) contraindication to MRI and (iii) the clinical course of Gilles de la Tourette syndrome was changed (i.e. symptoms too severe to perform MRI, presence of exclusion criteria). Nine additional patients with actual history of attention deficit hyperactivity disorder were not included because their number was not sufficient to constitute a homogeneous group. Lastly, from the 65 patients who were included, five did not complete the MRI protocol for various reasons (claustrophobia, motion) and their data were excluded from the final analysis.
Severity of tics was assessed using the Yale Global Tic Severity Scale (YGTSS) (Leckman et al., 1989) . The presence and severity of associated obsessive-compulsive disorders was evaluated during the psychiatric consultation using the Yale-Brown Obsessive-Compulsive Scale (Y-BOCS) assessment (Goodman et al., 1989) . The diagnosis of attention deficit hyperactivity disorder was established on the basis of Diagnostic and Statistical Manual-IV criteria of attention deficit hyperactivity disorder (American Psychiatric Association, 2000) . In line with the purpose of the study, patients with Gilles de la Tourette syndrome were divided into three distinct clinical subgroups based on the clinical expression of their symptoms: (i) patients with only simple motor and vocal tics (YGTSS complexity score of motor and vocal tics 2); (ii) patients with simple and complex motor and vocal tics (YGTSS complexity score of motor and vocal tics ! 2) and (iii) patients with associated obsessive-compulsive disorders; these patients also presented simple and complex motor tics. Six patients with Gilles de la Tourette syndrome presented obsessive-compulsive symptoms that did not fulfil the Diagnostic and Statistical Manual-IV-Text Revision criteria for obsessive-compulsive disorders, had no previous history of obsessive-compulsive disorders and were not previously treated for obsessive-compulsive disorders. These patients were included in the simple tics (n = 2) and complex tics (n = 4) groups.
Patients were compared with 30 age-and sex-matched healthy volunteers (29.1 AE 11 years, 11 females). The inclusion criteria for the study were age 418 years and no history of neurological or psychiatric disorders. The exclusion criteria were the same as for the patients and previous history of tics (childhood tics). Patients and healthy volunteers gave written informed consent and the study was approved by the local ethics committee.
Magnetic resonance imaging acquisition
Images were acquired using a 3 T system (Siemens, TRIO 32 channel TIM system) with body coil excitation and 12-channel receive phased-array head coil. Anatomical scans were acquired using sagittal 3D T 1 -weighted magnetization prepared rapid acquisition gradient echo (inversion time: 900 ms, repetition time: 2300 ms, echo time: 4.18 ms, flip angle: 9 , partial Fourier 7/8, 1 average, voxel size:
. All patients included in the study were asked to suppress their tics during image acquisition to avoid movement artefacts.
Cortical thickness measurements
Cortical thickness measurements were performed with the FreeSurfer image analysis suite (Massachusetts General Hospital, Boston, MA, USA), which is documented and freely available for download online (http://surfer.nmr.mgh.harvard.edu/). The technical details of this procedure are described in previous publications (Dale et al., 1999; Fischl et al., 1999a, b) . Briefly, the processing included motion correction and averaging of multiple volumetric T 1 -weighted images, removal of non-brain tissue using a hybrid watershed/surface deformation procedure, automated Talairach transformation, intensity normalization, tessellation of the grey matter-white matter boundary, automated topology correction and surface deformation following Structural changes in subgroups of Gilles de la Tourette syndrome brain.oxfordjournals.org intensity gradients to optimally place the grey matter-white matter and grey matter-cerebrospinal fluid borders at the location where the greatest shift in intensity defined the transition to the other tissue class. Cortical thickness was then calculated as the closest distance from the grey matter-white matter boundary to the grey matter-cerebrospinal fluid boundary at each vertex on the tessellated surface (Fischl and Dale, 2000) . All cortical thickness maps were then registered onto the common template provided with FreeSurfer. As cortical thickness varies with gender and age (Sowell et al., 2007) , these variables were included as covariates in all statistical comparisons to exclude the effect of gender and age from the observed structural differences.
Hippocampal morphometry
Hippocampal morphometry was performed on 57 patients with Gilles de la Tourette syndrome and 28 controls; 3 patients and 2 controls were excluded from the study due to abnormal hippocampal shape that may have altered the morphometry analyses (large hippocampal malrotation, Bernasconi et al., 2005) . The hippocampi were segmented from the T 1 -weighted images using the fully automatic method Segmentation Automatique Compé titive de l'Hippocampe et de l'Amygdale . This approach allowed the simultaneous segmentation of both the hippocampus and the amygdala based on competitive region growing. It included prior knowledge of the location of the hippocampus and the amygdala derived from a probabilistic atlas, and of the relative positions of these structures with respect to anatomical landmarks, which were automatically identified. This method has been validated by comparison with manual tracing in young healthy participants and patients with Alzheimer's disease and has proved to be reliable, fast and accurate .
To investigate the specific contribution of local changes within the hippocampus, we performed a statistical 3D surface-based shape analysis relying on the spherical harmonics approach (Styner et al., 2004) .
The analysis was performed using the SPHARM-PDM software developed by the University of North Carolina and the National Alliance for Medical Imaging Computing (http://www.namic.org/Wiki/ index.php/Algorithm:UNC:Shape_Analysis). SPHARM is a mathematical approach, representing surfaces with spherical topology, which can be seen as a 3D analogue of Fourier series expansion. It has been successfully used to analyse hippocampal shape differences in a variety of neurological and psychiatric conditions including Alzheimer's disease (Gerardin et al., 2009) , schizophrenia (Styner et al., 2004) and bipolar disorder (Hwang et al., 2006) . In brief, the SPHARM approach took the following steps. First, hippocampal segmentations were converted to surface meshes and a spherical parameterization was computed, creating a one-to-one map between each point on the surface and each point on a sphere. The surface was expanded into a series of spherical harmonics. The coefficients of the series expansion were normalized in order to eliminate effects of rotation, translation and scale. The SPHARM representation was transformed into a triangulated surface (called the SPHARM-PDM), based on a uniform subdivision of the spherical parameterization. The SPHARM-PDM was finally spatially aligned using rigid Procustes alignment, giving a one-to-one mapping between points of each hippocampus.
Statistical analyses
Surface-based analyses of both cortical thickness and hippocampal shape were performed using Surfstat software (http://www.math .mcgill.ca/keith/surfstat/).
Cortical thickness maps were smoothed using a 20 mm surface-based kernel. The comparison of cortical thickness between groups was carried out using a univariate linear model at each vertex. For the comparison of hippocampal shape between groups, we used the Hotelling T 2 metric to test for group differences in the spatial location (x, y, z) at each vertex of the hippocampal surface (Styner et al., 2006) . In all analyses, statistics were corrected for multiple comparisons using the random field theory for non-isotropic images (Worsley et al., 1999) . A statistical threshold of P50.005 was first applied (height threshold). An extent threshold of P50.05 corrected for multiple comparisons was then applied at the cluster level unless stated otherwise. Differences obtained using lower thresholds are reported as trends.
All clinical variables were compared using SigmaStat software and one way ANOVA statistics.
Results
Clinical subgroups of patients with Gilles de la Tourette syndrome
The clinical characteristics and medication of the patients are presented in Table 1 .
The simple tics group was characterized by the presence of simple motor tics of the face (mostly eye blinks), neck and hands and simple vocal tics (throat noises). The mean AE SD YGTSS complex tics score was 0.6 AE 1.1.
The complex tics group included patients with simple and complex motor and vocal tics-mostly complex motor tics of the hand, touching behaviour, echo-, copro-and pali-phenomena. The mean YGTSS complex tics score was 4.0 AE 2.0.
The GTS patients with associated obsessive-compulsive disorders group included patients with simple and complex tics and associated obsessive-compulsive disorders (checking and washing compulsions). The mean YGTSS complex tics score was 1.9 AE 1.6.
The complex tics group differed from the simple tics and obsessive-compulsive disorders groups by the presence of higher numbers of tics (P = 0.009) and greater complexity YGTSS scores (P 0.001). There were no statistically significant differences between all three groups in frequency (P = 0.1), intensity (P = 0.2) and interference (P = 0.09) YGTSS sub-scores.
The mean Y-BOCS score was significantly higher in the obsessivecompulsive disorders group (Y-BOCS score: 12.8 AE 6.0, P 0.001) than in the other two groups (simple tics: 1.8 AE 0.5, complex tics: 1.7 AE 0.8).
Cortical thickness in all patients with Gilles de la Tourette syndrome
In all patients with Gilles de la Tourette syndrome compared with controls ( Fig. 1) , the cortical areas of diminished thickness included the motor cortex, the postero-lateral part of the superior frontal gyrus [corresponding to Brodmann area (BA) 6], the posterior part of the middle frontal gyrus (BA 6, 8 and 9) Cortical thickness in clinical subgroups of patients with Gilles de la Tourette syndrome Group comparison of cortical thickness showed distinct patterns of cortical alteration in the clinical subgroups of patients.
In the simple tics group compared with controls, there was diminished cortical thickness in the posterior part of the left middle frontal gyrus-premotor cortex (BA6) and the left motor cortex in the region of the representation of the upper and lower limbs and the upper part of the face area ( Fig. 2A) .
In the complex tics group compared with controls, the cortical areas of diminished thickness included the posterior parts of the middle and inferior frontal gyrus (corresponding to BA 6, 8, 9, 44 and 46), the ventral and lateral parts of the left motor cortex in the region of the face area and the corresponding part of the primary sensory cortex, the anterior and inferior parietal cortex (BA 39 and 40) in the left hemisphere, as well as the right inferior frontal gyrus (BA 45) and the lateral part of the right orbito-frontal gyrus (BA 47) (Fig. 2B) .
Lastly, in Gilles de la Tourette patients with associated obsessive-compulsive disorders group (Fig. 3A) , there were no significant differences at P50.005 corrected for multiple comparisons. However, there was a trend for cortical thinning in the left ventral anterior cingulate cortex (BA 32) as well as in small areas of the left middle frontal gyrus (BA 8/9), the left motor cortex (BA 4) and the superior parietal lobule (BA 7), bilateral occipital lobes (BA 19/37) and posterior parts of right orbito-frontal gyrus (BA 47) (P50.005 uncorrected for multiple comparisons).
There were no regions of cortical thickening in any of the Gilles de la Tourette syndrome groups compared with controls.
Hippocampal volumes and morphology in clinical subgroups of patients with Gilles de la Tourette syndrome
In all patients with Gilles de la Tourette syndrome compared with controls, there was a 3.0% reduction in hippocampal volume. The clinical subgroups analysis showed that this reduction was only significant in Gilles de la Tourette patients with associated obsessive-compulsive disorders group (3.5%, P = 0.03), mostly in the right hippocampus (4.4%). The hippocampal volume was only slightly diminished in the other groups and the difference was brain.oxfordjournals.org not significant (simple tics: 2.9%, complex tics: 2.7%, both Pvalues = 0.12).
The morphological analysis of the hippocampus showed significant changes in the obsessive-compulsive disorders group only. In this group, the morphology of the postero-lateral part of the right hippocampus differed significantly from the morphology of the healthy volunteers (Fig. 3B) .
Correlations between YGTSS and Y-BOCS scores and cortical thickness in patients with Gilles de la Tourette syndrome
The correlation between the YGTSS scores (YGTSS/50) and cortical thickness in patients with Gilles de la Tourette syndrome is presented in Fig. 4 .
In all patients with Gilles de la Tourette syndrome, the YGTSS scores correlated negatively with cortical thickness in the posterior part of the medial orbital gyrus (BA 13), the posterior part of the inferior frontal gyrus (BA 44) and the ventral part of the primary sensorimotor cortex in the region of the face area and adjacent premotor cortex in the left hemisphere, the antero-medial temporal lobe (BA 34, 35 and 28) and the temporal pole (BA 38) in the right hemisphere, and bilaterally in lateral parts of the orbito-frontal and inferior frontal gyri (BA 47), the operculum, the superior (BA 22, 41 and 42) and middle (BA 21) temporal gyri and inferior regions of the parietal lobe (BA 40) . No regions showed a positive correlation with YGTSS.
There was no significant correlation between cortical thickness and Y-BOCS scores at the corrected threshold of P50.005. Given our hypothesis of a relation between obsessive-compulsive disorders and structural changes in limbic regions, we looked for correlations in the Gilles de la Tourette patients with associated obsessive-compulsive disorders group at a lower statistical threshold of P50.05. Using this threshold in this group, there was a negative correlation between increased Y-BOCS scores and reduced cortical thickness in the left dorsal and ventral anterior cingulate cortex (BA 32 and 24) and small areas of the occipital cortex (right BA 18 and left BA 19) (T score = 2, Fig. 5A ). There was also a positive correlation between increased Y-BOCS score and increased cortical thickness bilaterally in the medial part of the superior frontal gyrus including the supplementary motor area (BA 6), the antero-medial part of the superior frontal gyrus (BA 8 and 9), the inferior temporal gyrus (BA 21) and the medial temporo-occipital gyrus (BA 35 and 36) in the left hemisphere, and in posterior parts of the superior and middle frontal gyri (ventral parts of BA 6 and 8), the anterior parts of the middle frontal gyrus (BA 46), the posterior part of the gyrus rectus (BA 14) and the inferior part of the primary motor cortex, corresponding to the face area in the right hemisphere (T score = 2, Fig. 5B ). 
Discussion
We provide evidence that the different phenotypic expressions in Gilles de la Tourette syndrome are due to dysfunction of different cortical areas. Simple tics were associated with cortical thinning in premotor and sensorimotor areas and complex tics with cortical thinning in larger premotor, prefrontal and parietal associative areas. The presence of obsessive-compulsive disorders was associated with altered hippocampal morphology and with cortical thinning of the anterior cingulate cortex. Severity of tics correlated negatively with cortical thinning in frontal, parietal and temporal regions, whereas the severity of obsessive-compulsive disorders correlated negatively with cortical thickness in the anterior cingulate area and positively in prefrontal regions.
Cortical thickness in patients with Gilles de la Tourette syndrome compared with controls
Adult patients with Gilles de la Tourette syndrome presented important thinning in the left motor, premotor and dorso-lateral prefrontal regions and the right ventro-lateral and lateral orbitofrontal areas. Cortical thinning in all these regions has been reported in children (Sowell et al., 2008) and young adults (Fahim et al., 2010) with Gilles de la Tourette syndrome in previous studies. Using diffusion MRI, changes were also observed in the white matter of the sensorimotor regions and in fronto-striatal circuits in children (Makki et al., 2009) and adults (Thomalla et al., 2009) with Gilles de la Tourette syndrome. Taken together, these data pointed to a global dysfunction of grey and white matter components of cortical projections to the striatum in Gilles de la Tourette syndrome.
Cortical changes clearly predominated in the left hemisphere. A similar predominance of cortical thinning in left motor regions has already been reported in young adults with Gilles de la Tourette syndrome (Fahim et al., 2010) but not in children with Gilles de la Tourette syndrome (Sowell et al., 2008) . The left-sided predominance of structural changes in adults may be related to the asymmetry of cortical areas consequent to brain maturation as shown using structural imaging (Kloppel et al., 2010) , diffusion connectivity (Iturria-Medina et al., 2010) or functional MRI (Woolley et al., 2010) . In contrast, regional volumetric (Peterson et al., 2001 ) and voxel-based morphometry studies (Mü ller-Vahl et al., 2009) did not report any asymmetry in adult patients with Gilles de la Tourette syndrome. Further studies are therefore needed to investigate the asymmetry of structural changes in Gilles de la Tourette syndrome.
Different patterns of cortical thinning in clinical subgroups of patients with Gilles de la Tourette syndrome
Simple and complex tics differed in their phenomenological expression and are thought to represent biologically relevant symptom subclasses (Mathews et al., 2007; Robertson et al., 2008) . In contrast to the basic motor patterns of simple tics, complex tics are characterized by complex sequential motor or vocal patterns such as touching behaviour, repetitive word pronunciation or motor action or vocal imitations (Jankovic and Fahn, 1986) . Our data suggest that these clinical differences are underlain by different structural changes. The simple tics were brain.oxfordjournals.org associated with structural changes in primary motor and adjacent premotor regions. In the simple tics group, cortical thinning was found in the primary motor area of the face and hand, which fits well with the orofacial and hand predominance of the tics. Cortical thinning in these regions was also observed in the two other groups who also presented simple tics, although thinning was less marked in the obsessive-compulsive disorders group.
The complex tics group was characterized by cortical thinning in larger frontal and parietal regions. Previous studies have shown that these regions were recruited during movements of increasing complexity (Catalan et al., 1998; Lehé ricy et al., 2006) as well as in the learning of new motor sequences (Lehé ricy et al., 2005; Doyon et al., 2009) . The dysfunction of these regions may therefore be necessary for the production of complex tics. Thinning of the ventrolateral premotor and prefrontal regions (BA 44) was also specific to the complex tics group. These regions and the inferior parietal cortex are part of the mirror neuron system, which is implicated in movement imitation (Molenberghs et al., 2009) . Dysfunction of this network may therefore be associated with the imitation behaviour frequently observed in patients with complex tics.
Alternatively, the larger structural changes observed in the complex tics group may be related to the greater severity of the syndrome in this group. Indeed, the complex tics group had a greater tics score on the YGTSS than the two other groups. However, this was mostly due to the larger number of complex tics. This suggests that even if severity differed between the groups of patients, it was mainly driven by complexity of the tics in the complex tics group.
The association of tics with obsessive-compulsive disorders was characterized by reduced volume and altered morphology of the hippocampus, in agreement with previous volumetric and voxel-based morphometry (Ludolph et al., 2006) studies in children and adults with Gilles de la Tourette syndrome with associated obsessive-compulsive disorders, as well as in patients with obsessive-compulsive disorders without tics (Hong et al., 2007; Atmaca et al., 2008) .
In the Gilles de la Tourette patients with associated obsessivecompulsive disorders, there was a trend for diminished cortical thickness in the ventral anterior cingulate cortex as well as in regions associated with tics in the other Gilles de la Tourette syndrome groups. The smaller number of patients included in this group may explain why differences were not detected using the corrected threshold. Reduced cortical thickness in the anterior cingulate cortex was specific to the Gilles de la Tourette patients with associated obsessive-compulsive disorders group and was not observed in the two other groups even using the uncorrected threshold. This finding was in line with the reduced volume of the anterior cingulate cortex showed in adolescent and adult patients with obsessive-compulsive disorders without tics (Radua and Mataix-Cols, 2009; Rotge et al., 2010) . In children with Gilles de la Tourette syndrome, positive correlation was also reported between obsessive-compulsive disorders and connectivity scores between the subcallosal gyrus and the lentiform nucleus using diffusion imaging (Makki et al., 2009) .
The anterior cingulate cortex and the hippocampus are functionally heterogeneous structures, which are part of the limbic system (Paus, 2001; Fanselow and Dong, 2010) . The ventral part of the anterior cingulate cortex is implicated in the assessment and regulation of emotional information and anxiety (Paus, 2001 ). The hippocampus is involved in the regulation of aversive emotional states (mostly fear and anxiety) as well as in emotionally driven memorization and conditioning (Fanselow and Dong, 2010) . Consequently, both structures may mediate the expression of anxiety observed in obsessive-compulsive disorders.
Cortical structural changes correlated with the YGTSS and the Y-BOCS Severity of tics measured with the YGTSS correlated negatively with cortical thickness in all regions that were affected in the group comparison, in agreement with previous studies (Sowell et al., 2008; Fahim et al., 2010) .
Severity of tics also correlated with cortical thickness in the temporal, ventro-lateral prefrontal and adjacent orbito-frontal cortices.
Positron emission tomography (Stern et al., 2000) and functional MRI studies (Peterson et al., 1998; Mazzone et al., 2010) reported abnormal activity in temporal regions in patients with Gilles de la Tourette syndrome, suggesting that they are implicated in the control of tics. Similarly, surgical ablation of the temporal cortex in patients with Gilles de la Tourette syndrome with co-occurring epilepsy resulted in the exacerbation of tics (Chemali and Bromfield, 2003; Sinno et al., 2006) . In addition, functional MRI studies showed that the ventro-lateral prefrontal and the lateral orbital cortex are implicated in motor response inhibition and behavioural persistence (Gusnard et al., 2003; Aron et al., 2007) . The dysfunction of these regions thus may contribute to the deficient motor control and tic persistence.
The severity of obsessive-compulsive disorders, measured using the Y-BOCS scale had a tendency to correlate negatively with thinning in the left ventral and dorsal anterior cingulate cortex. The left anterior cortex is functionally lateralized (Lü tcke and Frahm, 2008) and plays an important role in error detection (Paus, 2001; Swick and Turken, 2002 ). The cognitive model (Salkovskis, 1985) and functional MRI studies (Fitzgerald et al., 2005) indicate that altered error detection is one of the pathological mechanisms of obsessive-compulsive disorders. Accordingly, thinning of the dorsal anterior cingulate cortex fits well with more severe obsessive-compulsive disorder symptoms in patients with Gilles de la Tourette syndrome.
Less severe obsessive-compulsive disorder symptoms correlated with decreased thickness of medial premotor areas. Medial premotor areas (mostly the supplementary motor area) were involved in self performance evaluation, in the initiation and inhibitory control of actions and in cognition (Aron et al., 2007; Passingham et al., 2010) . The fact that these regions correlate with less severe obsessive-compulsive disorder symptoms suggests that they contribute to the cognitive control of obsessive-compulsive disorders.
Brain correlates of cortical thinning
The structural changes may be primary and caused by the underlying cause of the disease. Recent neuropathological studies in Gilles de la Tourette syndrome showed both decreased number and deviant distribution of basal ganglia inhibitory interneurons Structural changes in subgroups of Gilles de la Tourette syndrome Brain 2010: Page 9 of 12 | 9 at BIUSJ (Paris 6) on October 20, 2010 brain.oxfordjournals.org (Kalanithi et al., 2005; Kataoka et al., 2010) . As cortical and basal ganglia interneurons originate from the same structures during brain development (Wonders and Anderson, 2006) , reduced number of inhibitory interneurons may also be present in the cortex, leading to both structural changes and functional abnormalities. This suggestion is in line with neurophysiological (Orth and Rothwell, 2009; Heise et al., 2010) and functional MRI data , which showed diminished intracortical inhibition and hyperactivity of premotor and sensorimotor cortex in Gilles de la Tourette syndrome. Therefore, thinning of cortical regions fits well with the developmental hypothesis of Gilles de la Tourette syndrome.
Limitations
A limitation of this study was the inclusion of patients with different medications. The impact of neuroleptic medication on brain structural changes is controversial, as studies have reported either no impact (Peterson et al., 2001) or changes in brain volume (Scherk and Falkai, 2006) . The variation of cortical thickness was not influenced by neuroleptic medication in cross-sectional studies of patients with schizophrenia that typically used a higher dosage of neuroleptics (Kuperberg et al., 2003; Narr et al., 2005) . Consequently, the different patterns of cortical changes in our study were most probably related to symptom expression and not to differences in medication. In addition, neuroleptics may influence tic measurement using the YGTSS and antidepressants may influence obsessive-compulsive disorder measurement using the Y-BOCS. Correlation data may thus be influenced by the medication status. Lastly, correlation data should be considered with caution as structural changes could reflect either the causes or the consequences of the symptoms.
Conclusion
The present study shows that cortical areas are variably involved in Gilles de la Tourette syndrome, a finding that provides an explanation for the clinical heterogeneity of the disorder. Combined with experimental results obtained in the basal ganglia in primates (Grabli et al., 2004; Worbe et al., 2009) , this suggests that dysfunction of specific cortical-basal ganglia circuits lead to the clinical heterogeneity of Gilles de la Tourette syndrome symptoms.
